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The goal of this study is to characterize the dynamics and structure of tropical cyclone
formation from global model analyses to determine thresholds marking the various stages
of development which can be computed from the analysis data. We introduce here a
new methodology for identifying disturbances that show high likelihood of becoming a
tropical depression or tropical storm. We use Lagrangian frame-independent quantities to
define intrinsic coordinates for candidate disturbances prior to and post tropical depression
declaration in the best-track data (HURDAT2). We use these Lagrangian quantities also as
metrics for quantifying the strength of these systems within global model analyses as they
are declared depressions, storms or hurricanes in HURDAT2. The criteria proposed are
more precise than similar Eulerian criteria since the minimum thresholds for development
in the best-track dataset are very close to the threshold at which no false alarms are produced
in the global model analyses. Since only very loose thermodynamic thresholds are required,
these criteria can be considered dynamically based and require no statistical analysis to
compensate for uncertainties in moisture or convection.
We describe further the structure of the developing systems using a set of objective
profiles where level contours of the Lagrangian averaged rotation rate are mapped to an
equivalent radius. Composites of these profiles reveal that the transition to tropical storm
strength vortices is marked by the existence of a notable shear sheath outside a region of
enhanced solid-body rotation.
Key Words: tropical cyclone detection; tropical cyclone genesis; Lagrangian coherent structures; global model
analyses; tropical storm best-track data
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1. Introduction
Most tropical cyclones (TCs) originating in the Atlantic basin
form from wave disturbances on the African easterly jet.
The dynamical description of this process was shown in
Dunkerton et al. (2009), hereafter DMW09. The pathway to
formation was called the ‘marsupial paradigm’ and showed how a
favourable kinematic and thermodynamic environment preceded
development in the vast majority of disturbances that developed
from tropical waves, either from the intertropical convergence
zone (ITCZ) or African easterly waves (AEWs). DMW09 analyzed
55 named storms in the Atlantic and eastern Pacific basins using
ERA-40 (European Centre for Medium-range Weather Forecasts
Reanalysis) data at 1.5◦ resolution from the 1998 to 2001 seasons,
with the vast majority originating from AEWs. They found that,
in nearly every developing storm, a kinematic precursor was
seen prior to development. AEWs were shown to produce a
Kelvin cat’s eye in the frame of reference of the wave, where
one or more saddles and closed or nearly closed streamlines
indicated recirculating flow in the middle to lower troposphere.
A similar kinematic precursor derived from the wave+mean
flow was seen in the potential vorticity field by Asaadi et al.
(2016) and Tyner and Aiyyer (2012). The cat’s eye acts as a
kinematic boundary during cyclogenesis and separates the outer
flow from the moist recirculating inner flow, where system-scale
convergence combined with vortex tube stretching enhance local
cyclonic vorticity anomalies. The interior of the cat’s eye is called
the wave’s pouch, and the centre of the pouch was shown to be
the preferred location of cyclogenesis.
The methodology of DMW09 requires a computation of the
translation speed of the AEW to determine the frame of reference
for viewing the cat’s eye, so it may be limited when trying to
diagnose other developing types. In addition to the outer cat’s eye,
elevated vorticity at the centre is a consequence of development
that appears to be common for all developing TCs, and focusing
on these regions rather than the outer boundaries would appear to
point to an algorithm for vortex location. It is widely recognized
that any detection scheme for TCs must be based on maxima of
c© 2017 Royal Meteorological Society
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the vorticity field (Sinclair, 1997; Walsh, 1997). Many cyclone
vortex detection schemes have been developed that use the
strength of vorticity in the lower troposphere as one threshold for
development including Vitart et al. (1999), Hodges et al. (2012),
Tory et al. (2013a), Strachan et al. (2013) and Zarzycki et al.
(2017). While high vorticity is characteristic of developing TCs,
deformation-free vorticity marks a vortex core in nearly solid-
body rotation and may be viewed as independent of the translating
reference frame as a maxima of the Okubo–Weiss parameter
OW = ζ 2 − S2, (1)
where ζ is the vertical vorticity and S2 is the square of the total
strain rate. The OW parameter has been used in mature TCs to
differentiate the core regions (OW > 0) from outer flow regions
with rapid filamentation (OW < 0) (e.g. Rozoff and Schubert,
2006; Wang, 2008). The time required for filamentation to occur
decreases as strain dominates vorticity (Tyner and Aiyyer, 2012).
While the OW parameter is capable of identifying most cyclones
and does not require the computation of a translation speed, it
is Eulerian, and is thus susceptible to time variations in the flow
when the flow becomes nonlinear as it represents perturbation
growth only to a first-order approximation. We will first note that
locating a region of high OW at the centre of a disturbance is fun-
damentally different from locating the larger meso-β boundaries
at the exterior of a disturbance, though the existence of the two
tend to coincide (both are in the inner pouch region, the pouch
being generally a meso-alpha feature). Transient flow features and
their intrinsic time dependence make a complete characterization
difficult since some disturbances may meet the minimum thresh-
olds for short times before disappearing, resulting in false alarms.
A study of a historical dataset by Tory et al. (2013b),
hereafter Tory2013, analyzed many cases from ERA-Interim 1.5◦
resolution data re-gridded to 1◦ and found that the existence
of sufficiently intense deformation-free vorticity marked the
existence of developing disturbances. Tory et al. (2013b) defined




and defined the OWZ parameter as the product of normalized
OW and absolute vorticity ζabs = ζ + f
OWZ = max(OWnorm, 0) · ζabs · sgn(f ), (3)
where f is the Coriolis parameter and sgn(f ) makes the sign
of OWZ positive for cyclonic vortices in different hemispheres
while anticyclonic vortices are removed. The conditions given in
Tory2013 were necessary conditions for genesis, and were made
closer to a sufficient condition by the inclusion of vertical extent of
the vortex core from 850 to 500 hPa and the requirement of at least
some vertical alignment. The false alarm rate was further reduced
by considering only those systems that met the OWZ thresholds
for multiple times. While DMW09 and Tory2013 showed that
strain-free rotation or recirculation is key to storm development,
we will further suggest that the presence of persistent strain-free
rotation at centre, and adjacent shear sheath, or radial transition
from rotational to deformational OW, differentiates developed
systems from non-developing systems.
1.1. Goals of this study
Though the previously mentioned studies have provided some
description of the kinematic environment preceding cyclogenesis,
there are several theoretical and operational questions that remain
unanswered. First, can the kinematic structures be characterized
in a more general way which does not depend on the existence of
an AEW and knowledge of its propagation speed? Second, what
is the layer-wise radial kinematic structure between the cat’s eye
boundary and the high vorticity near the centre? Third, what role
do the vertical structure and thermodynamics of the pouch play
in development? Finally, can a clear threshold for any quantity
derived from the vorticity be established that characterizes
cyclogenesis accurately, i.e. with both a low miss rate and a low
false alarm rate? This study will attempt to answer these questions.
The primary goal of this study is to provide a more complete
characterization of the dynamics at the various stages of TC
formation using the Lagrangian flow. First we characterize
the topology in a frame-independent manner and generalize
the topology that was seen in DMW09. From a Lagrangian
perspective, there is little difference between the various pathways
to development articulated in the Introduction of DMW09,
including those without a tropical wave precursor, as the
kinematic precursors from non-AEW flows produce the same
Lagrangian topology, i.e. a semi-permeable Lagrangian separatrix
formed by the manifolds of one or two distinguished hyperbolic
trajectories, as is produced by AEWs. Though this study focuses
on the development of tropical disturbances in the Atlantic basin,
the methods should in principle apply also to other development
regions. This fluid-dynamical topology is independent of any
choice of reference frame. Second, we characterize strain-free
deformation in a horizontally and time-varying manner to
effectively capture asymmetric and temporal variations in the
flow. In addition to determining the magnitude of the vorticity
maxima, we also examine the structure of these maximal regions
objectively.∗ Objectivity can be defined as independence of the
frame of reference of an observer to a change in coordinates. For
the time-varying flows considered here, it is appropriate to con-
sider Euclidean invariance, i.e. quantities that remain invariant
under time-dependent translations and rotations of a coordinate
system. The coordinate system that we employ is objective under
this continuum mechanics definition (Truesdell and Noll, 2004;
Haller, 2015). Once a proper coordinate system is established, we
can proceed with a comparison of the radial structures of different
disturbances and form a composite view of the radial structure.
We find that high Lagrangian averaged values of vorticity in the
centre and of shear strain outside the centre are both characteristic
of developing systems that are reflected in the composites.
2. The Lagrangian topology of tropical cyclogenesis
The motivation for the use of Lagrangian methods is that the
flows are time-dependent and characterization of any flow feature
should be frame-independent. Though an antecedent kinematic
structure can be located by translating Eulerian methods in the
vast majority of AEW developers, the AEW translating frame is
distinguished only if we can assume that the flow is quasi-steady
in that frame. However, the quasi-steady assumption is not valid,
in general, and can be shown by the counterexample of ex-Gaston
(Rutherford and Montgomery, 2012; Freismuth et al., 2016),
which had closed translating streamlines but entrained mid-level
dry air. There are multiple problems with the translating frame
approach. One problem is that cyclogenesis is not unique to
AEWs, so determining a distinguished frame is, in general, not a
simple problem. Another problem is that time-dependence of the
flow makes it unlikely that any reference frame is distinguished
(other than locally in a tangent sense, say, near a finite-time
distinguished hyperbolic trajectory). Despite these apparent
difficulties, the same topology is present in any occurrence of
cyclogenesis under the Lagrangian flow (Rutherford et al., 2017).
To avoid the problems with frame-dependence and time-
dependence, we use trajectory-based Lagrangian methods to
examine the flow topology and boundaries. The Eulerian cat’s
eye consists of a pair of hyperbolic fixed points, whose manifolds
connect to form a separatrix that separates the inner recirculating
flow from the environment. The Lagrangian topology of AEW
flows is similar to the cat’s eyes observed by DMW09, except
∗In statistical studies, objectively is sometimes taken to mean that something
observed is independent of resolution (Walsh, 1997).
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that the boundary is semi-permeable. The possibility of lateral
exchange between regions interior and exterior to the pouch was
noted in Figure 1 of DMW09, owing either to time-dependence
or horizontal divergence. Lagrangian methods capture such
exchanges that cannot be identified from a steady translating
stream function alone. Transport across the boundary can be
described by the evolution of distinguished material curves called
the stable and unstable manifolds of a distinguished hyperbolic
trajectory (DHT). The DHT is a time-dependent saddle, and
its stable and unstable manifolds are the one-dimensional sets
that are attracted to the DHT forward and backward in time,
respectively (Ottino, 1989). If there is a distinguished reference
frame, the stable and unstable manifolds are material curves
emanating from the DHT in the directions of the stable and
unstable eigenvector of the velocity Jacobian (Ide et al., 2002). The
Lagrangian manifolds may have many geometrical configurations,
but their role is that they limit entrainment of dry air to a region
outside the centre. There have been several studies of developing
and non-developing storm systems that have shown that the
stable and unstable manifolds of a DHT indicate the closure of
the pouch (Rutherford and Montgomery, 2012; Lussier et al.,
2015; Freismuth et al., 2016; Rutherford et al., 2017. These
manifolds and DHTs are quite difficult to locate precisely, and
their configuration does not automatically distinguish developing
and non-developing systems. Since the results in this article are
not dependent on locating the manifolds, we refer the reader to
Ottino (1989) and Samelson and Wiggins (2006) for a complete
discussion of manifolds, and to Farazmand and Haller (2012),
Haller (2015) and Rutherford et al. (2017) for a complete
discussion of the methodology for computing these manifolds
in finite-time datasets. These boundaries are found independent
of the reference frame and are therefore intrinsic to the flow. The
Lagrangian manifolds are topologically important material curves
because they terminate at a DHT, however the stable and unstable
manifolds may intersect at other points also. These additional
intersections create material regions called lobes that are bounded
by a segment of a stable manifold and a segment of an unstable
manifold connected by two intersection points. The lobes are
invariant regions, i.e. they are not crossed by particle trajectories,
and their evolution describes the advective exchange of fluid
between the interior and exterior of the pouch in a process called
lobe transport (Samelson and Wiggins, 2006). These manifolds
fall into the larger class of Lagrangian coherent structures (LCSs),
which also include vortex cores and shear sheaths.
If the manifolds indicate that entrainment of dry exterior
air is sufficiently far from the centre so as not to discourage
a deep-convective type of vertical mass flux profile near the
centre, or if lateral exchange brings additional moist air into
the centre of the pouch, then development proceeds through
processes related to deep convection: viz. convectively induced
influx of cyclonic vorticity substance in the middle to lower
troposphere and increased circulation on the system scale in the
interior of the pouch. The vortex core LCSs that are important for
the foregoing convective–vorticity feedback process are different
from the outer pouch manifolds and are those that are more
representative of cyclogenesis, noting that pouch formation is
necessary but not sufficient for development. In addition to the
Lagrangian manifolds that reside a few hundred kilometres from
the centre before genesis, there is an additional internal boundary
called the shear sheath that develops at or just after genesis from
the accumulation of manifolds into a limit cycle just outside the
core (Rutherford et al., 2015, hereafter RMD2015).
While the translating Eulerian frame appears useful for its
simplicity, the location of the manifolds, shear sheath, and
vortex core all can be determined by a single, relatively simple
computation, as shown by RDM2015. The time-dependence can
be accounted for by time-integrating the eigenvalue λ+ of the




λ+(x(t), t) dt, (4)
where I is the time integral of interest, here a sliding 72 h
time interval, I = (t − 36, t + 36). Then the Lagrangian OW
parameter is defined as
OWLag = imag(G) − real(G). (5)
As defined, OWLag is a dimensionless quantity. As shown by
RMD2015, taking I to straddle the time of interest locates both
the stable and unstable manifolds in a single run while still
locating the vortex core as a convex maximal set and shear
sheath as a negative minimal annulus surrounding the vortex
core. The Lagrangian OW field can show whether the pouch
boundary is protecting the developing disturbance, and later,
whether a shear sheath protects the core. This diagnostic reduces
the number of transient flow features since it is a temporal-
smoothing operation along Lagrangian trajectories, and provides
additional information about the dynamics. In this study, both
the maximal value of OWLag and profiles along an objectively
defined radial coordinate will be used to determine thresholds
for development. The vortex core can also be observed in the




ζ (x(t), t) dt. (6)
The ζLag field is an objective field (Haller et al., 2016), and as such
provides a more reliable representation of the core than OWLag,
though it does not locate the shear sheath as effectively. Like
OWLag, ζLag is a dimensionless quantity. Both of these fields will
be used in our detection of TCs.
The Lagrangian description of the pre-genesis pouch represents
a modification of the marsupial paradigm in how the outer
boundaries and inner core are allowed to interact. Environmental
dry air, the ‘anti-fuel’ of the storm, is allowed to enter into the
pouch provided (i) its entrainment is limited to lobe dynamics
leaving the overall pouch topology unchanged, and (ii) a shear
sheath forms as a sharpening radial gradient of vorticity or OW
prior to the entrainment reaching the storm centre. As shown
by Rutherford et al. (2015), one expects an isolated vortex core
surrounded by a shear sheath, both of which are interior to a
mixing region within the outer pouch region.
An example of this topology at 700 hPa is shown for ECMWF
analyses in Figure 1 during the genesis of hurricane Fay (2014),
which formed as a subtropical storm at 0600 UTC on 10
September 2014, became a tropical depression later (TD) that
day, and developed into a tropical storm (TS) at 0600 UTC on 11
September. The stable and unstable manifolds are overlaid on the
Lagrangian OW field (cool colours, dark grey in print) and the
ζLag field (hot colours, white in print) at 48, 36, 24, and 12 h before
TS formation in order to demonstrate that the region of negative
Lagrangian OW in the interior is the region where the folding of
manifolds occurs. The manifolds (stable (Si) are shown as red and
magenta curves, unstable (Ui) as blue and cyan curves), and the
corresponding DHTs (Hi), lobes (Li), and intersection points (Ii)
are labelled in Figures 1(a) and (d). At 48 h before TS formation,
the flow pattern shows a wave pouch, with one DHT east and one
west of the pouch. As the storm develops, convergence begins to
entrain the unstable manifolds (U1, cyan online, and U2, blue
online). As time progresses, ζLag values increase near the centre
as does the radial extent of high ζLag values. The manifolds are
beginning to accumulate into a region of high strain outside the
centre, shown by an annulus of blue values. A decomposition
of the strain rate into radial and tangential components shows
that the strain becomes progressively more radial, i.e. shear strain
toward the core. By 12 h before TS formation, the DHT H2
has travelled to a greater distance from the centre, and H1 has
moved toward the centre into the region with more circular
flow which creates a much smaller angle between its stable and
unstable manifolds. Further radial convergence will cause the
angle between the manifolds at the DHT to collapse toward
zero as the shear sheath forms. Despite the drastic structural
c© 2017 Royal Meteorological Society Q. J. R. Meteorol. Soc. 144: 218–230 (2018)
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Figure 1. The stable (S1, magenta online and S2, red online) and unstable ((U1, cyan online and U2, blue online)) manifolds overlaid on the ζLag field (hot colours,
white in print), the shearing regions of the OWLag field (cool colours, dark grey in print), and the θe field (grey shading) at 700 hPa for hurricane Fay during the
development period at (a) 0600 UTC and (b) 1800 UTC on 9 October, and (c) 0600 UTC and (d) 1800 UTC on 10 October 2014. The hyperbolic trajectories (Hi),
lobes (Li), and intersection points (Ii) are shown in (a) and (d). [Colour figure can be viewed at wileyonlinelibrary.com].
changes in the storm, the manifold locations still distinguish
the interior from the exterior. The manifolds are thus a natural
way to partition flow regions with different characteristics. For
a storm to develop, the vortex must maintain coherence and
be somewhat aligned throughout the middle troposphere. Thus,
the basic topology shown here at 700 hPa can often be seen at
other levels from 850 to 500 hPa (not shown), although vertical
alignment of DHTs and manifolds is not common.
2.1. Key findings and outline of remaining article
In this study we find that the main characteristic of developing
TCs is their strong Lagrangian strain-free rotation, internal to a
region of high lateral shear. Measures of moisture, convection,
and other dynamic and thermodynamic variables are coupled
to the Lagrangian flow and are thus relatively unimportant in
a statistical sense. These variables are essential to the dynamics,
but our dynamical metrics of development imply that favourable
values are present already (if growing) so that little statistical
benefit is realized when the thermodynamic variables are included
explicitly. This viewpoint is not meant to discount the purported
role played by moist convection (Gjorgjievska and Raymond,
2014; Davis et al., 2014). The threshold for moisture that will
be included with the dynamical thresholds is low enough that it
eliminates very few non-developers. The measure of strain-free
rotation provides both an intensity metric and an algorithm for
the location of cyclones.
To test these methods and provide a characterization of
development, we use the ECMWF analyses with 0.25◦ spatial
resolution and 6 h output times from 2010 to 2015. For each
disturbance that meets wind thresholds for TD, TS, or hurricane,
we compute both the Lagrangian OW and ζLag fields at the
time when they first meet the wind threshold, and find that those
disturbances with sufficiently high Lagrangian OW values that also
meet the moisture thresholds correspond to those designated as
TDs in the best-track dataset. For TDs, there are no constraints on
the flow topology of the inner pouch (although an outer manifold
is common to all). However TS and hurricane development are
indicated by higher threshold values, and a change in the flow
topology. The key characteristics of systems of at least TS strength
is the existence of a shear sheath surrounding in azimuth at least
three fourths of the vortex, and vertical alignment, i.e. the distance
between the 500 and 850 hPa centres, of less than 1◦. We note that
the best-track data use wind thresholds to distinguish between
TD (≤34 knots), TS (35–64 knots), and hurricane (≥ 65 knots),
and all wind speed values given later are taken from the best-track
dataset. This strategy is based, in part, on the assumption that
winds estimated by forecasters from cloud imagery are superior
to analyzed maxima. By using this dynamical characterization,
we can objectively define genesis as the point at which a storm
meets the minimum criteria to be self-sustaining under minor
detrimental influences.
The dynamical criteria are used to determine the number of
false alarms and misses found by these methods. The approach
taken is to first use the ECMWF data to determine thresholds
for developed systems at the time of best-track declaration. Then,
using those thresholds, we test all of the ECMWF analyses to see
if there were other vortical features in the data that exceeded the
c© 2017 Royal Meteorological Society Q. J. R. Meteorol. Soc. 144: 218–230 (2018)
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Figure 2. A schematic of one possible tangential velocity profile showing regions in blue (black in print) with ˙OW > 0 and red (dark grey in print) with ˙OW < 0.
The middle region (yellow, light grey in print) can have either a positive or negative tendency. The black line through the origin has slope m = (v/r)max. RMW=radius
of maximum wind. [Colour figure can be viewed at wileyonlinelibrary.com].
thresholds but were not developers according to the best-track
dataset. These features are called false alarms, and they represent
the storms that are in the ECMWF data but not in the best-track
data. Misses are then defined as developed systems appearing in
the best-track data but not the ECMWF data.
3. Methods
3.1. Characterization of developing disturbances
Our characterization makes use of a radial profile of dynamic
quantities, but for simplicity we first consider a layer-wise two-
dimensional axisymmetric flow setting so that points at the same
radius have the same dynamic behaviour. In analyzing model
data, the axisymmetric assumption will be later loosened so that
radius is replaced by closed loops of similar dynamic behaviour.
Also, consider a smooth (analytic) tangential velocity profile in
polar coordinates that is only a function of radius, v(r), that
vanishes at some finite radius v(rh) = 0, and assume that the
flow is in gradient wind balance. Recalling that the axisymmetric
flow is assumed to evolve in gradient wind balance, one can







of the radial flow is zero, du/dt = 0. A schematic of one possible
tangential wind profile is shown in Figure 2. We also require that
v(0) = 0, v > 0, and note that v has at least one maximum value
at some radius rm. In layer-wise axisymmetric flow, we have the

















where ζs and ζc are the shear and curvature vorticities, respectively,






− s22 = 4ζsζc − s22. (10)
The line through the origin with slope (v/r)max intersects the
velocity at a point ra < rm (Tory et al., 2013b). At ra, ∂v/∂r = v/r,
implying that s1(ra) = 0 and the flow is deformation-free and
therefore in solid-body rotation within an infinitesimal torus at
r = ra. Since v is maximized at rm, ∂v/∂r = 0 and OW = −s22 so
that deformation-dominated flow is present everywhere outside
of rm.






The inflection point inside rm marks a maximum of shear vorticity,
while the minimum value of shear vorticity occurs at the outer
inflection point.
Development is characterized by radial convergence of
vorticity. Consider an axisymmetric flow with slowly evolving






After dropping Coriolis terms for simplicity, the material
derivatives of the curvature and shear vorticities can be readily












(ζc+ζs) = −s2ζc−ζsδ. (12)
From (11) and (12), we see that the magnitude of curvature and
shear vorticity are enhanced by radial inflow. We also see that
normal strain (s2) causes also an exchange between curvature
vorticity and shear vorticity. The first term in Eq. (12) indicates
that radial inflow increases shear vorticity when shear vorticity
exceeds curvature vorticity (s1 > 0), and decreases shear vorticity
when ζc > ζs, (s1 < 0). In a typical velocity profile, the s1 < 0
regions occur outside the inner inflection point and contain the
radius of maximum winds. Using Eqs. (7)–(12), we can write the
material tendency equation of OW as





= −2δOW +4ζcs2s1. (13c)
Choosing a velocity profile similar to the one shown in Figure 2
and assuming v/r dominates dv/dr inside the core, we have s1 > 0
inside ra and s1 < 0 outside ra. Assuming δ < 0, then s2 > 0, and
the first term in Eq. (13c) contributes to higher OW inside rm, and
to a greater magnitude of negative OW outside rm. The second
term in Eq. (13c) contributes to an increase in OW inside ra and
c© 2017 Royal Meteorological Society Q. J. R. Meteorol. Soc. 144: 218–230 (2018)
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to a decrease outside ra. Inside ra, and outside rm, the magnitude
of OW is enhanced in convergent flow, while between ra and
rm, the OW tendency is determined by the relative magnitudes
of the two terms. In this example, it is assumed that all radial
flow is uniform with respect to time and azimuth. However,
when the flow is allowed to have asymmetries, the location of
highest shear takes on additional importance since it acts to
suppress features that are advected inward by quickly elongating
and wrapping them. The suppression of the entrainment occurs
at the strongest vorticity gradients, where intruding air masses are
quickly lengthened into filaments (Rozoff and Schubert, 2006).
This filamentation allows high OW values to remain inside the
entrainment zone, and further reinforces the sharpest vorticity
gradient or shear sheath. Because of this process, we expect to
see a vortex core with strain-free rotation surrounded by a shear
sheath with high strain where the vorticity within closed loops
increases in magnitude while the loop contracts in radius.
3.2. Threshold values
The above discussion highlights that strong strain-free rotation
is important, but the question of how to attain threshold values
is still unclear as, for example, different methods of averaging
could be employed to characterize the flow.† Taking an area
average in a convergent flow will certainly lead to numerical
errors. In addition, averaging around any closed shape can suffer
from asymmetries of the flow and is inherently not Lagrangian;
particles at a same radius from the centre may experience different
paths under the Lagrangian flow.
These concerns leave us with two options. First, a threshold
value can be chosen that is independent of any averaging, and
second, for the purposes of averaging, the Lagrangian flow can be
considered.
For the threshold values, we consider that convergent vortical
flows with temporal continuity have increasing vorticity at centre,
and increasing strain in the shear sheath. A characterization of
either the maximum rotation or of the shear sheath can be done by
taking the maximum of OWLag, which can be used as a metric for
the intensity. This value is insensitive to variations in the centre
location or methods of averaging. While a large OW maximum
can be seen in many small convective systems, using OWLag max-
ima generally ensures that transient vortical-convective events are
not confused with persistent TC vortices (Rutherford et al., 2015).
The number of OW maxima is at least an order of magnitude
larger than the number of OWLag centres and most of the OW
maxima are untrackable. Our algorithm for automated location
that will be introduced in the next section has a criterion to further
ensure that small-scale convective features are not located.
3.3. An intrinsic asymmetric coordinate frame
The axisymmetric flow and inclusion of divergence indicates that
the radial distribution of dynamic quantities are related to inten-
sity. However, TCs are only axisymmetric near the centre, and
only then if they are fully developed. When considering a time-
dependent flow, any axisymmetric approximation may not cap-
ture the correct dynamics of actual particle paths. To give a more
accurate representation of the radial distribution, we consider the
topology that is present when particles follow closed paths outside
of the centre which may be elliptical or allow higher wavenumbers.
To give an accurate Lagrangian radial characterization of any
pertinent quantity, we depart from the standard radius and instead
consider sets of particles that have the same group behaviour of
rotation. Particles that have the same group behaviour are those
with the same Lagrangian intrinsic rotation rate (Haller et al.,
†For example, a 3◦ × 3◦ box average of OW shows some skill in characterizing
the strength of developing systems, but requires an alternative vortex detection
method, and has a much higher false alarm rate than the methods proposed
here.
2016). These sets of particles are fortunately easy to compute as
closed contours of the Lagrangian vorticity field.‡ Convergence
changes the Lagrangian vorticity, but it has no effect on the





where A denotes the horizontal area bounded by a material curve
C that moves with the fluid particles. For any contour of ζLag, we
take values of Lag as the radial coordinate.§
For a set of closed concentric contours of ζLag, we define the
equivalent radius of the contour γ to be





where A(γ ) is the area enclosed by the contour.¶
Figure 3 shows the OWLag and ζLag fields for Michael
at TD formation, Fiona at TS formation, and Isaac at
hurricane formation. The fields at these different stages
show how the Lagrangian coordinates adapt to the different
flow characteristics. At hurricane development, the flow is
approximately axisymmetric, and the Lagrangian coordinates
are approximately the same as a standard radius. At TS stage,
there is nearly circular flow in the centre, but the cat’s eye flow
can be seen at the periphery of the storm. Since there are still
convex‖ concentric loops, a mapping to an equivalent radius is
still straightforward. Michael shows an obvious vortex but with
additional regions of high ζLag which later merge into the vortex.
Even when the contours of ζLag are not convex, having tangential
filamentation, or when there is a detached region, contours
with the same value contain particles with the same intrinsic
rotation rate that travel with the same dynamic behaviour. The
areas within these contours can be summed, and a monotonic
equivalent radius can be obtained using Eq. (15), still allowing a
radial profile to be produced. The radial profiles of OWLag and
ζLag are shown in Figures 3(g)–(i).
The importance of this radial coordinate and the advantages
of OWLag over OW are shown in the following examples for Earl
(2010) and Lisa (2010) in Figure 4. At the time of TD formation
at 1200 UTC on 25 August, Earl had an asymmetric shape and
little coherent circulation at 700 hPa. At 850 hPa, the radial OW
profile showed no apparent structure (Figure 3(a), black curve).
Using polar coordinates, OWLag does not show any particularly
interesting structure either (not shown), and there is no evidence
of a strong vortex core or of a shear sheath. However, when
using the ζLag coordinates and plotting against reff , the OWLag
profile (blue curve) indicates enhanced values in the core greater
than 20 radians and a shear sheath with values negative values.
Using the Eulerian OW in a radial profile shows no obvious
structure, indicating that OW is not representative of storm
structure. This problem happens frequently for TDs and TSs, but is
avoided by using Lagrangian quantities in Lagrangian coordinates.
Figure 4(b) shows another example for Lisa (2010) where the
Eulerian profiles are misleading as the OW value at the Lagrangian
circulation centre is actually negative. The reason for such a
discrepency between the Eulerian and Lagrangian values may be
due to sharp vorticity gradients or time-dependence of velocities.
‡Haller et al. (2016) use the term Lagrangian averaged vorticity deviation to
describe this field. On a sphere, the mean vorticity vanishes, leaving only the
Lagrangian averaged vertical relative vorticity.
§The computation of Lag is done numerically by taking concentric annuli of
width dζLag and integrating.
¶The area enclosed by any curve C(x) can be computed by Green’s theorem as
A = ∮C xdy where x is the horizontal coordinate of the curve C.‖A convex set is one that, for any two points in the set, the line connecting
them is inside the set.
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Figure 3. (a–c) The OWLag field, (d–f) ζLag field, and (g–i) radial profiles for (a, d, g) Michael at the time of TD formation, (b, e, h) Fiona at the time of TS formation,
and (c, f, i) Isaac at the time of hurricane formation. In (g, h, i), the profiles represent the averages at 700 hPa (solid curve), 850 hPa (dashed curve) and 500 hPa
(dashed-dotted curve). [Colour figure can be viewed at wileyonlinelibrary.com].
Figure 4. The radial profiles of
√
OW , ζ , and OWLag are shown at TD development at (a) 850 hPa for Earl (2010), and (b) at 700 hPa for Lisa (2010). [Colour figure
can be viewed at wileyonlinelibrary.com].
4. Results
4.1. Threshold values for developing TDs
We now examine the 2010–2015 NOAA National Hurricane
Center Atlantic best-track (HURDAT2) dataset, to see what
minimum thresholds for dynamic variables at the storm location
exist in the ECMWF analyses at the time of storm development
according to the best-track data. At the time of TD formation,
ECMWF data from 47 storms were available. The 700 hPa
Lagrangian OW, Lagrangian vorticity, the distance between the
500 and 850 hPa centres, and development pathway are shown
for each of these disturbances at the time of TD formation in
Table 1. The values of both 700 hPa max(OWLag) and max(ζLag)
were significantly higher than the domain mean values (which
are near zero for ζLag and slightly below zero for OWLag) at
the time of formation, with a majority of cases exceeding what
we will call the minimum thresholds for the dataset of 13 and
c© 2017 Royal Meteorological Society Q. J. R. Meteorol. Soc. 144: 218–230 (2018)
Dynamical Properties of Developing Tropical Cyclones Using Lagrangian Flow Topology 225
Table 1. Tropical depressions.
Storm Time (UTC) and date OWLag ζLag 850–500 hPa distance Development type
2010
PGI31L-Danielle 1800 21 August 11.2 30.3 0 Wave
PGI34L-Earl 0600 25 August 9.5 31.0 1.7 Wave
PGI38L-Gaston 0600 1 September 14.4 42.5 0 Wave
Hermine 1800 5 September 31.5 68.1 0.4 Remnant
P36L-Igor 0600 8 September 15.6 64.7 0 Wave
PGI43L-Julia 0600 12 September 32.3 78.1 0.8 Wave
PGI45L-Lisa 1800 20 September 14.0 40.7 0.4 Wave
PGI46L-Matthew 1200 23 September 10.8 31.1 0 Wave
2011
P09L-TD 10 0000 25 August 10.1 30.2 0 Wave
P15L-Harvey 0600 19 August 28.8 60.0 0 Wave
P21L-Katia 1200 29 August 14.9 50.9 0 Wave
P23L-Lee 0000 2 September 14.0 37.4 1.9 Wave
P24L-Maria 1800 6 September 14.4 37.4 1.9 Wave
P32L-Philippe 1200 24 September 18.8 53.9 0 Wave
2012
P10L-Ernesto 1200 1 August 21.3 54.0 1.5 Wave
P11L-Florence 1800 3 August 17.7 66.8 1.0 Wave
P12L-Helene 1800 9 August 19.2 50.3 0 Wave
P13L-Gordon 1200 15 August 17.0 36.7 3.4 Wave
P15L-Isaac 0600 21 August 23.4 49.6 0 Wave
P17L-Joyce 0600 22 August 17.9 41.9 0 Wave
P19L-Kirk 1800 28 August 19.6 45.4 0.7 Wave
P20L-Leslie 0000 30 August 24.1 56.6 0 Wave
P22L-Michael 0600 3 September 25.5 51.6 0.1 LP
P24L-Nadine 1200 11 September 20.0 50.1 0 Wave
P36L-Oscar 0600 3 October 19.2 41.7 0.6 Wave
P36L-Patty 0000 11 October 14.4 37.0 1.3 LP in Caribbean
P40L-Sandy 1200 22 October 33.7 71.9 0.4 Wave
P39L-Tony 1800 22 October 20.9 44.0 0 Wave
2013
P12L-Dorian 1800 23 July 22.6 61.6 0 Wave
P45L-Erin 0000 15 August 20.0 51.2 0 Wave
P45L-Fernand 1200 25 August 14.2 38.4 0 Wave
P45L-Gabrielle 1800 4 September 18.7 46.2 0.7 Wave
P05L-TD 8 1200 6 September 15.0 31.7 0.2 Wave
P47L-Humberto 1800 8 September 24.8 62.4 1.4 Wave
P34L-Ingrid 1800 12 September 14.4 34.0 0 Wave
2014
P05L-TD 2 1200 21 July 11.2 35.0 3.9 Wave
P17L-Cristobal 1800 23 August 22.0 52.9 0 Wave
P29L-Dolly 1800 1 September 17.0 40.1 1.0 LP in Bay of Campeche
P29L-Edouard 1200 11 September 22.3 51.2 0 Wave
P45L-Gonzalo 0000 12 October 12.4 32.8 0 Wave
P28L-Hanna 0000 22 October 14.9 44.5 0.9 Wave
P41L-Hanna-2 0000 27 October 16.6 46.0 0 Remnant
2015
P31L-Grace 1200 5 September 11.4 43.4 0 Wave
P35L-Henri 0000 9 September 17.1 40.3 1.5 Upper-level trough
P36L-TD 9 1200 16 September 20.1 52.6 2.2 Wave
P39L-Ida 1200 18 September 21.5 60.1 0.7 Wave
P46L-Joaquin 0000 28 September 19.7 44.8 1.1 Subtropical LP
The values of OWLag (radians), ζLag (radians), and 500–850 hPa alignment distance (degrees) are given at the time of TD formation for all tropical wave, remnant,
and low pressure (LP) development cases.
30 radians for OWLag and ζLag, respectively, corresponding to
average Eulerian values of 2.5 × 10−9s−2 and 5.4 × 10−5s−1 over
the 72 h integration time. These thresholds were chosen to balance
a high detection rate of 85% with few false alarms, as will be
described later. The mean value of max(OWLag) at 700 hPa was
20.3 radians and the mean value of max(ζLag) was 49.6 radians.
At 850 hPa, the mean values of max(OWLag) and max(ζLag) were
21.8 and 52.4 radians, respectively. Some shear was also evident
near the exterior as min(OWLag) had a mean value of −2.9 radians
at a mean radius of 1.72◦.
Of these TDs, all but a few weak storms exceeded the OWLag
threshold. Those below the threshold included Danielle (11.2),
Gonzalo (12.4), Matthew (10.8), and TD 10 (10.1). However,
Danielle (22.0), Gonzalo (18.4) and TD 10 (16) had high 850 hPa
OWLag values. The remaining outlier was Matthew, which did not
have values exceeding the threshold at any level, but was already
in alignment from 850 to 500 hPa, and had OWLag values over 10
at all levels. The TDs that never developed into TSs account for
many of the lowest values, which is not surprising since OWLag is
an integrated quantity. None of the TDs had values below the ζLag
threshold at the time of declaration as TD. At this time, there was
substantial variation in the vertical alignment, with many storms
showing less than 0.1◦ difference between their 500 and 850 hPa
centres, while eleven storms were misaligned by greater than 1◦.
4.2. Threshold values for developing TSs
The profiles of 60 TSs were examined, and at TS declaration,
most OWLag values were greater than 20 radians. The mean
value of max(OWLag) at 700 hPa was 25.7 radians and the mean
value of max(ζLag) was 60.0 radians. At 850 hPa, the mean
values of max(OWLag) and max(ζLag) were 27.6 and 64.6 radians,
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respectively. Stronger shear was also apparent as min(OWLag)
had a mean value of −4.1 radians and the mean radius contracted
slightly to 1.62◦s. All but three TSs had negative OWLag values
enclosing greater than 75% of the vortex. These systems were
in general vertically aligned better than at TD formation, with
only five systems having separation between their 500 and
850 hPa OWLag centres of greater than 1◦. We note that, within
the best-track dataset, there is only a 10 knot difference in the
thresholds between TSs and TDs at the time of formation, with
TDs having a 25 knot threshold and tropical storms having a
35 knot threshold, so we do not expect large differences from
what we observed for TDs. Some TSs had OWLag maxima less
than 20, but the majority of those had ζLag values greater than 40.
The threshold values that have few exceptions are 15 for OWLag,
which is almost the same as for TDs, and 40 for ζLag, which is
modestly higher than the threshold for TDs.
One notable exception was the very weak TS Bonnie (2010),
which only had 35 knot lifetime maximum winds and was near
land during its entire lifecycle. Its maximum OWLag value at the
time of TS formation was 6.4 and its maximum ζLag value was
19.5. Another exception was Matthew (2010), which reached a
45 knot lifetime maximum intensity and had OWLag values of 9.8
and ζLag values of 29.6 at TS formation, but formed at a higher
latitude and was also an exception at TD formation. Jose (2011)
was a weak TS with maximum winds of 40 knots, OWLag values of
8.4 and ζLag values of 23.7. Helene and Grace were also exceptions
for both values. Of all TSs with low OWLag values, none had
misalignment of greater than 1◦.
Storms with non-AEW origin were more likely to have OWLag
values that were below the required threshold. Low pressure
systems with values below the threshold included Jose and
Matthew. The only remnant system with low values was Helene
which formed as TD 7, dissipated, and then reorganized. Both
low pressure development and remnant development were about
50% likely to have low OWLag values. Despite the low values,
all of these systems were vertically aligned with less than 0.1◦
difference between their 500 and 850 hPa centres, presumably
on account of the parametrized deep convection in the ECMWF
model, which tends to support an aligned pouch-vortex (Reasor
et al., 2004; Patra, 2004).
4.3. Threshold values for developing hurricanes
Hurricanes have a much higher wind threshold of 65 knots, so
we expect larger differences in OWLag values between hurricanes
and TSs than between TSs and TDs. The thresholds for hurricane
declaration for 32 hurricanes examined are max(OWLag) = 30
and max(ζLag) = 70. The mean value of max(OWLag) at 700 hPa
was 62.0 radians and the mean value of max(ζLag) was
143.5 radians. At 850 hPa, the mean values of max(OWLag)
and max(ζLag) were 64.8 and 167.9 radians, respectively. Most
hurricanes have 35 < OWLag < 100 at the time of hurricane
formation, with the exceptions being Bertha with 12.8 and Lisa
with 15.4. Lisa also stands out as the only hurricane with ζLag < 50.
Bertha was a hurricane for a very short time before encountering a
deep upper-level trough, and never appeared organized in satellite
imagery. Lisa was an exception due to both rapid intensification
and rapid weakening, which may produce lower averages in the
Lagrangian fields. The very small eye at development may have
not been resolved well in the 0.25◦ ECMWF data. Leslie (2012)
had the highest OWLag values (170.6) and ζLag values (344.4) at
the time of hurricane formation. A threshold of 30 for OWLag
differentiates hurricanes from TSs very well, as only TSs Fay,
Humberto, and Hermine exceeded this threshold value at TS
formation, and none exceeded it by more than 10%.
While an incomplete shear sheath was often present for weaker
systems, those at hurricane development all had a shear sheath that
enclosed the entire pouch. The −12.8 mean value of min(OWLag)
at a 1.19◦ radius in the shear sheath were also much stronger for
hurricanes and shows that strain outside the core increases with
convergent flow toward the centre.
4.4. Radial structure
The highest OWLag and ζLag values occur at the centre and decrease
radially outward. While ζLag is non-negative by construction,
OWLag is allowed to have negative values. As discussed earlier,
the maximum shearing occurs where the minimum of OWLag is
located (smallest |s|, close to ra). The strain-dominated region
(large |s|) begins at the radius where OWLag = 0 and shear strain
(parallel to parcel motion) exceeds normal strain (perpendicular
to parcel motion). This region extends beyond the minimum
to the periphery where normal strain from the eccentricity of
the vortex dominates the shear strain from differential rotation.
Differentiating these two factors requires a frame-dependent
choice of coordinates and will not be further pursued in this
work. We will refer to the shear sheath location as its starting
radius, or radius of the zero of OWLag.
We make the following general observations about the radial
structure of OWLag. For all of the cases examined, a shear sheath
indicated by negative OWLag values inside a radius of 3◦s could
be located at 700 hPa by TS declaration, and was present in the
majority of TDs. Almost every hurricane had OWLag values in
the shear sheath of less than −10. The radial location of the
shear sheath was typically about 1◦ for hurricanes with variation
between 0.5◦ and 1.5◦. For TSs the shear sheath started between 1◦
and 2◦, and for TDs between 1.5◦ and 3◦. Though their threshold
values were similar, their structure was noticeably different as the
shear sheath of a TS provides greater than 75% enclosure of the
core, while the shear sheath of a TD has only a partial enclosure,
often less than 75%.
4.5. Composites of 2010–2015 storms
For each developing system, the Lagrangian radial profile was
computed at the time of HURDAT2 TD, TS and hurricane
declaration. Radii beyond the zero ζLag contour are discarded
from the composites. The radial location of this contour ranges
from 2◦ to over 4◦, so that the composites include all storms with
a radius less than 2, but only a small fraction of the storms with a
radius of 4. These profiles are averaged over the set of all storms
of the same best-track intensity to produce a composite radial
profile. Some storms weakened and then reformed, increasing
beyond TD or TS strength more than once. These are counted
twice, first by their original pathway, and second as a remnant.
Using equivalent radius as the radial coordinate, we show
in Figure 5 the 700 hPa composite radial profiles for ζLag and
OWLag as red and blue curves, respectively, for storms at the
time of best-track TD declaration, TS declaration, and hurricane
declaration. The different vertical levels shown are 850 hPa,
700 hPa and 500 hPa.
The composite profile at TD declaration of 700 hPa
max(OWLag) of 17 indicates that some enhanced vorticity and a
slight dominance of curvature vorticity are present near the centre
as shear is slightly reduced. Outside the radius of maximum wind,
there are some cases where large shear strain is present, but it is not
extremely large in the average. The radial location of the transition
to negative mean OWLag is at a radius of 2◦, and OWLag reaches a
minimum value of −2.5. In the individual cases where a negative
maximum is present, it often only occurs in a single quadrant. In
the Lagrangian OW field, shear occurring only in one quadrant
disappears from the temporal smoothing, so shear vorticity out-
side the RMW is not a fundamental characteristic of TD formation
and has only a small signature in the composite (not shown).
At TS declaration, the region of high vorticity occurs at a smaller
radius and is stronger than at TD declaration. The effect of radial
convergence is also evident in that the shear sheath appears in
the mean profile at a radius of 1.7◦, reaching a minimum of −4.
This tangential shear is present in every individual case in ζLag
c© 2017 Royal Meteorological Society Q. J. R. Meteorol. Soc. 144: 218–230 (2018)
Dynamical Properties of Developing Tropical Cyclones Using Lagrangian Flow Topology 227
Figure 5. The composite radial profiles of OWLag (blue, black in print) and ζLag (red, grey in print) are shown for (a) TD, (b) TS, and (c) hurricane declaration at
700 hPa (solid), 500 hPa (dash-dot), and 850 hPa (dashed). Note the differing ordinate scales. The effective radius of each closed contour of ζLag is computed using
Eq. (9). [Colour figure can be viewed at wileyonlinelibrary.com].
coordinates, and is also present in using a standard radius in the
majority of cases, which implies both temporal continuity and
radial symmetry of the shearing structure. At the periphery of
the pouch, the saddle point seen in the Lagrangian OW fields
also occurs at a smaller radius, though most cases still show
asymmetry of the pouch and some still retain the pair of saddles
that originated from the parent wave or synoptic precursor.
At hurricane declaration, strong convergence causes high vor-
ticity and OW values near centre, and a very sharp radial gradient
of velocities leading to a shear sheath in the OW and Lagrangian
OW fields. The shear sheath is very obvious in both the composite
radial profiles and in the individual fields. Since the flow is nearly
axisymmetrized, at least one of the hyperbolic points is no longer
present∗∗ since the other hyperbolic point has moved toward the
centre and the shear flow causes its stable and unstable manifolds
to change from being orthogonal to each other to being aligned.
The radial profile of OWLag for hurricanes shows much higher
values in the core of 55 at 700 hPa, a higher magnitude in the
shear sheath of −10, and the location of the shear sheath at 1◦
radius as a result of the convergence.
The composites retain the key characteristics of the maximum
at the centre, its magnitude, and the existence of the shear sheath.
While the averaging will lessen the radial gradient of OWLag and
the minimum in the shear sheath due to the variations in the
location of the shear sheath, the radial structure of shear is still
robust in the composite view.
4.6. Vertical structure and moisture
While the primary focus of this study is on the dynamics in the
Lagrangian frame, we recognize that sufficient moisture is at least
a minimum requirement that aids in the feedback mechanism
between convection and convergence during intensification.
Using polar coordinates, we find less structure in the radial
distribution of relative humidity (not shown) due to the
difference between vortex centre location and the HURDAT2
given storm location. However, using effective radius as a
Lagrangian coordinate, we see that the distribution of moisture
is toward the centre and becomes even more so for more intense
storms. The composite structure of the relative humidity field and
θe field in the Lagrangian radial coordinate are shown in Figure 6
at the times of TD, TS and hurricane declaration. Increases in
intensity are accompanied by increased relative humidity and θe
within reff of the centre from 850 to 500 hPa.
The characterization of developing systems has thus far
centred on quantities derived from fluid velocities. However,
development requires a feedback between favourable dynamic,
∗∗In any realistic translating Eulerian frame, the saddle disappears because
velocities even outside the storm exceed the translation speed. In the Lagrangian
frame, the eigen-vectors evaluated at the hyperbolic point collapse and the point
is characterized more by the shear flow than by hyperbolicity.
thermodynamic, and kinematic environments. Essential to
the kinematic environment is a manifold(s) surrounding the
wave pouch and vortex core. Dry air is deleterious to system
development and its required convective type of vertical heating
profile. The collective effect of convection is to flux cyclonic
absolute vorticity in the mid to lower troposphere towards the
pouch centre and thereby increase the circulation around fixed
circuits around pouch centre. By Stokes’ theorem, an increase in
circulation implies an increase of tangential velocity along the cir-
cuit. By mass continuity, the convergence of vorticity at the centre
is related to the vertical mass flux induced by convection. Con-
vection requires abundant moisture and an unstable atmosphere.
A positive feedback occurs when radial convergence is congruent
with vorticity in the mid to lower troposphere, increasing the
circulation in this layer while favouring manifold development
and a further concentration of moisture radially. Surface fluxes
of heat and moisture may be enhanced in the inner pouch
region but their enhancement is not required for development
(Montgomery et al., 2009). Our diagnostic method recognizes
the importance of these moist-convective processes implicitly
(for moist thermodynamic variables) or explicitly (for manifold
developments). While the criteria that we have shown use layer-
wise 2D fluid-dynamical variables, the inclusion of divergence
captures many of the system-scale 3D aspects of the feedback
mechanism. However, in pre-genesis environments where the
feedback is not yet established, the storm needs certain dynamic
and thermodynamic properties to start the feedback. Our diag-
nostic metrics effectively include these ‘unseen’ moist-convective
processes, thereby bypassing their inherent uncertainty. Vertical
wind shear, defined here as the difference between the 500 and
850 hPa average velocities, typically does not exceed 10 m s−1 but
provides little added value to the previous thresholds.
To summarize the thresholds from the cases examined, we find
that
1. OWLag maxima at the 700 hPa vorticity centres have
minimum thresholds of 13, 15, and 30 radians per 72 h for
TD, TS, and hurricane formation, respectively.
2. ζLag maxima at the 700 hPa centres have minimum
thresholds of 30, 40, and 70 radians per 72 h for TD,
TS, and hurricane formation, respectively.
3. There are no formal restrictions on vertical alignment or
vertical wind shear.
4.7. Varying development types
AEW development was the primary type seen in these cases.
However, other development types were present, and included
low pressure systems, and remnant systems that redeveloped.
The redevelopment cases included Hanna, Gabrielle, Hermine
and Helene. Low pressure development cases included Igor, Karl,
Michael, Irene, Nate and Katia. Some of these other development
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Figure 6. The composite radial profiles of (a)–(c) RH and (d)–(f) θe at (a, d) TD, (b, e) TS, and (c, f) hurricane declaration at 500 hPa (dash-dotted), 700 hPa (solid)
and 850 hPa (dashed).
types coincide with the storms that had relatively low OWLag
values. Michael formed from a low-pressure region in the northern
Atlantic, and did not have tropical origins.
In addition to applying these criteria to all of the developed
systems, we also analyze the ECMWF analyses to see what flow
features meet these thresholds but were not declared a TD or TS.
We provide now the details on the number of these false alarms
and the reasons for them. We determine that our dynamic criteria
characterize both TD and TS formation with a low false alarm rate.
4.8. Automated detection of candidate storms
Until now, we have provided criteria that developed systems
satisfy, but we have not established whether these criteria are
exclusive to developed systems. To check the value of the
previously determined thresholds, we look at all possible false
alarms that may have been detected under the methodology. There
is an inherent trade-off between locating all storms and having
some false alarms, as the necessary and sufficient conditions for
development may be far different. In a study using 1.5◦ ERA-
Interim data, Tory (2013) showed that the number of false alarms
resulting from OWZ was extremely large when considering values
that all developing systems satisfied, though the number became
greatly reduced when threshold values were increased to a level
that allowed a few misses. The number of false alarms was further
reduced by considering those systems that met thresholds for
multiple days, which is consistent with our observation that
persistent strain-free vorticity marks development. The high
number of false alarms is likely due to the large number of
maxima that occur at smaller scales and are of short duration.
Using the OW parameter, we observe many more OW maxima
than OWLag maxima. Many of these OW maxima are dipoles
generated by the tilting of horizontal vorticity filaments by small-
scale updraughts associated with the parametrized convection in
the model.†† Since it is also still possible for an extremely small
system to have elevated Lagrangian OW, we look to distinguish
these small-scale vortical-convective systems from real candidate
††These maxima are not seen as dipoles by OWZ, which discards the negative
part of the dipole.
systems by choosing only those that are significant and isolated.
A real storm must clear its area in the following way.‡‡ Let a set
of particles x evolve under the ordinary differential equation
ẋ = ∇OWLag(x). (16)
These particles ‘climb the gradient’ to arrive at maxima of the
OWLag field. Maxima that ‘clear their area’ are those with the
largest basins of attraction under Eq. (16). Given a grid of
points x, the strongest maxima are those that accumulate the
greatest number of points. The threshold used is 30 points, which
corresponds to a basin of attraction of approximately 2 square
degrees using a grid with δx = 0.25◦. For these distinguished
maxima, a second check to ensure a maximum is that the Hessian
determinant, and therefore also the Gaussian curvature of the
Lagrangian OW field, is positive at the maximum. When two
maximal regions within 2◦ are located, the one with the highest
Lagrangian OW value is retained. Any maximum with a relative
humidity value of less than 60% is discarded.
An example of the Atlantic basin Lagrangian OW field with
best-track positions and positions from the automated detection
is shown for 1200 UTC 9 September and 0000 UTC 12 September
2012 at 700 hPa in Figure 7. The automated positions and
their OWLag values (the name of each system in the automated
algorithm is given a prefix ‘a’ for Atlantic storms, and the OWLag
value appears after the dash) are shown in cyan while the best-
track positions are shown in white. In this example, the named
storms, Michael and Leslie, are found by the algorithm, and none
of the other candidate storms have OWLag values that exceed
the TD minimum threshold of 13. The storm labelled ‘a1’ in
Figure 7(a) develops into Nadine in (b). The other candidate
storms ‘a2’ in (a) and ‘a3’ and ‘a4’ in (b) are also below the
threshold. The eastern Pacific TS Kristy is already a TS at the time
of location but is also identified by the algorithm.
The automated detection algorithm was used to detect
disturbances exceeding the minimum thresholds for the
2010–2015 dataset and the following observations were made.
Every named storm was detected by the algorithm by the time
‡‡The clearing of the area near the storm is similar to how planets clear their
area versus a dwarf planet which does not.
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Figure 7. The automated locations and best-track locations are overlaid on the
Lagrangian OW field at (a) 1200 UTC on 9 September and (b) 0000 UTC on
12 September 2012. Systems satisfying the minimum TD thresholds that are
confirmed in the best-track dataset are overlaid as white circles. Automated
locations where a pouch appears but with values less than the thresholds are
overlaid as cyan (grey in print) circles with OWLag maximum values written after
the dash. [Colour figure can be viewed at wileyonlinelibrary.com].
of storm declaration aside from the few exceptions mentioned
before, for a total of 40 successful detections out of 47 developers.
For the entire analysis period, there were 125 instantaneous
detections of systems that were not at least TD strength in the
HURDAT2 dataset. These detections were instantaneous in the
Lagrangian sense, i.e. the mapping from a window of time to
an instant in time counts as a single detection when threshold
values are met. However, these were not all false alarms as 92 of
the 125 cases were early detections with values exceeding the TD
development thresholds preceding the development of a named
storm. These cases could be considered early detections rather
than false alarms because they were either associated with a system
in the best-track dataset or could be tracked continuously to one
that was later named. An additional eight detections were related
to three storms that retained high OWLag values after dissipating
below TD strength according to the best track. There were also
three detections where the threshold was only exceeded at a single
instant and were not trackable for even 6 h. The remaining 21
were true false alarms that never developed, and were all related
to three systems that were trackable for 30–42 h in Lagrangian
fields. On the basis of the findings presented here, the criteria
used in this automated detection algorithm are very close to a
necessary condition since almost every storm met the minimum
threshold. The criteria are also nearly a sufficient condition for
locating storms of at least TD strength in global forecast model
data since the false alarm rate is very low, with only three systems
generating false alarms while 40 developing TDs were successfully
detected.
Slightly altering the thresholds in the automated detection
algorithm can either reduce the misses or reduce the false alarms,
but the chosen parameters provide a reasonable balance between
misses and false alarms, a result which improves upon using only
an Eulerian OW parameter.
5. Discussion and conclusions
This study viewed the various stages of TC formation in the
ECMWF model analyses in two ways. First, an examination
of the dynamical thresholds and structure at the time of best-
track declaration provided characteristic values and minimum
thresholds. Second, a comparison of all systems in the model
meeting those criteria was examined. Surprisingly, given the
minimum thresholds for development, there were very few false
alarms although there were several early detections. Those systems
found by the automated algorithm to exceed threshold values over
consecutive 6 h analyses always developed within 24 h.
The threshold values were based on the strain-free angular
displacement that air parcels experienced over a 72 h period.
The structure of TSs, relative to that of TDs, has a distinct
signature in the Lagrangian OW field. In addition to having
maximum Lagrangian OW near the core, the composite profiles
in the effective radius coordinate show that at TS strength the
Lagrangian OW has a steeper radial gradient, higher magnitude
of Lagrangian OW values, and greater enclosure of the ring of
negative Lagrangian OW values outside the vortex core than
systems that have not reached TS strength.
The methods proposed here are geometric; the development
criteria include the shape and curvature of the Lagrangian
OW field. TC formation is characterized by a sufficient region
of Lagrangian OW with positive Gaussian curvature, and the
intensity is determined by the magnitude of the intrinsic strain-
free rotation rate. Though convection and vertical alignment are
accepted as important factors in development, their coupling
to the divergence field makes them become absorbed into the
Lagrangian OW field, and the critera for development remain
exceptionally simple.
Since these criteria are frame-independent, the methods
developed here can be automated very easily. The parameters used
in the automated detection of OWLag = 13, 15, and 30 radians,
and ζLag = 30, 40, and 70 radians for TD, TS, and hurricane
formation, respectively, are also robust, as a change in parameters
does not lead to a significant change in the number of vortices
detected. While the thresholds for development require OWLag to
exceed a certain value for development, the topology of the OWLag
and ζLag fields are the same even well before formation as after
formation. This allows the algorithm to locate pre-genesis systems
that may develop during a forecast by finding those systems that
exceed the thresholds at later times in the forecasts, and then by
following those back to earlier times.
Slight variations in the parameters cause slight differences in
the numbers of misses and false alarms, but the set chosen gave a
reasonable balance between misses and false alarms. The choice
of integration time of 72 h could also be changed, where shorter
integration times lead to fewer misses but a far greater number
of false alarms as the OWLag value come closer to the Eulerian
OW value. The chosen integration time straddles the initial time
so that the manifold structure at the periphery of the pouch
most closely resembles the Eulerian cat’s eye. One consequence
is that values both before and after genesis are included in the
OWLag and ζLag time integrals. If the time interval were shifted
to include only values before genesis, then the thresholds would
be lower, since they would exclude all information from when
a storm is at TS or hurricane strength. However, though the
thresholds are weaker, the topology is the same. The thresholds
are also sensitive to model grid resolution since coarser grids have
lower peak vorticity values. A preliminary test of these methods
on Global Forecast System 0.5◦ data shows very similar results,
but with approximately 10–15% lower threshold values required
to capture a similar number of developing systems. For other
lower resolution data, e.g. ERA-Interim data or data from climate
models, we anticipate that lower thresholds will be necessary to
locate all TCs that the data are able to capture, since coarser
resolution tends to suppress the maximal values of vorticity, a
component of the Lagrangian OW parameter.
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For those disturbances that form from tropical waves, the
existence of frame-independent closed circulation preceding
genesis is equivalent to the existence of closed circulations in
the wave-relative frame as predicted by the marsupial paradigm.
While the co-moving frame of the marsupial paradigm also
captures the essential dynamics of disturbances from tropical
waves, the Lagrangian OW method is easier to automate
because it is objective and does not require that an optimum
translation velocity of the reference frame be determined a priori
(which generally requires some human intervention). The frame-
independence is important for systems that develop from
pathways other than AEWs, and do not have a distinguished frame
of reference. Though we have chosen only Atlantic TCs to illustrate
the new methodology, the methods are equally applicable to
other ocean basins and, in particular, for disturbances forming
from pathways for which the appropriate form of the marsupial
paradigm, with its parent synoptic wave(s) and meso-alpha
pouch manifolds, invite further investigation (Wang et al., 2012;
Schreck, 2016), though the vertical structure could become more
important. It is still unknown whether other ocean basins have
the same threshold values as the Atlantic, but our small subset of
storms not originating from AEWs suggests that thresholds for
other development types is very close to that observed for AEWs.
These further tests will be reported in future publications.
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